Radiotherapy is given to a majority of patients with cancer, and remains one of the most (cost)effective treatment options available. However, several mechanisms attenuating the efficacy of irradiation have long been known to occur, such as hypoxia, DNA damage repair, repopulation, cell cycle redistribution and, more recently, immunological responses. Radiobiology research into tumor radioresistance has thus focused on targeting these mechanisms to increase radiotherapy effectiveness by, e.g., hypoxia modification, or using combination therapy with DNA damage repair or growth factor receptor inhibitors and reducing the overall treatment time. The impact of some of these classic mechanisms on tumor radioresistance has changed, however, with the widespread use of novel radiotherapy regimens such as heavy ions/particles, stereotactic radiotherapy, radiotherapy and immunotherapy combination, etc. Additionally, recent insights in additional mechanisms such as stem cells/stemness, tumor metabolism, and the effect of irradiation on the immune system has led to rapid development of additional targets for combination therapy with irradiation.
In this Special Issue of Cancers, several studies have been published addressing the current state of affairs and developing novel aspects of tumor radioresistance, with a total of five original data papers and three reviews.
One of the most well-studied causes for radioresistance in solid tumors is hypoxia [1] , as also evidenced by the Nobel Prize in Physiology or Medicine 2019 being awarded to William G. Kaelin Jr., Sir Peter J. Ratcliffe and Gregg L. Semenza "for their discoveries of how cells sense and adapt to oxygen availability".
In [2] , van der Heijden and colleagues compared several hypoxia profiles to acute and chronic hypoxia profiles obtained in vitro. Somewhat surprisingly, acute hypoxia profiles showed a stronger association with patient outcome than chronic hypoxia profiles. Thus, Darwinian selection of hypoxia-tolerant apoptosis-resistant cells is unlikely to be a mechanism leading to radioresistance. Most tumor cells are able to survive and even proliferate during short episodes of hypoxia, during which they are also resistant to DNA damage from irradiation.
This tolerance for hypoxia is also transmitted from one tumor cell to distant tumor cells by means of extracellular vesicles, as reviewed by Zonneveld et al. [3] . These vesicles contain factors such as proteins, mRNAs and micro-RNAs that impact hypoxia tolerance mechanisms such as the HIF1 pathway, the Unfolded Protein Response (UPR) and autophagy.
A gene that is induced by hypoxia via the PERK-AT4 arm of the UPR and is associated with hypoxia tolerance [4] is Tribbles-3 (TRIB3). In this issue, Lee et al. found that TRIB3 is directly involved in radiosensitivity via Notch signaling [5] . Knockdown of TRIB3 in radioresistant breast cancer cells led to an increase in radiosensitivity, together with a decrease in CD24 − /CD44 + cancer stem cell (CSC) population.
This CSC population plays an important role in radioresistance as reviewed in this issue by Schulz et al. [6] . CSCs are inherently radioresistant through an increased DNA repair capacity, 2 of 3 and given their repopulation potential an important target for radiotherapy. The CSCs are also hypoxia-tolerant, and as such are considered to reside in the so-called "hypoxic niche", which adds to their radioresistant phenotype.
Wang et al. [7] showed that the Hedgehog pathway is involved in cancer cell stemness and treatment resistance. Moreover, targeting this pathway in esophageal cancer using vismodegib led to a decrease in cancer stemness, and not only sensitized for radiation but also for carboplatin.
The role of the immune system in anti-tumor responses is becoming clearer, and especially its interaction with other treatment modalities such as radiotherapy. Wu et al. [8] found that castration-resistant prostate cancers (CRCP) exhibit an immunosuppressive tumor microenvironment. Androgen deprivation therapy enhanced the effects of radiotherapy in CRCP by changing this microenvironment, leading to less myeloid-derived suppressor cells and more tumor-infiltrating T-cells. This study emphasizes the role of the tumor microenvironment in the efficacy of radiotherapy.
Another component of the tumor microenvironment that influences radiosensitivity through immunomodulation is cancer-associated fibroblasts (CAFs). Berzaghi et al. [9] found that CAFs modulate the function of macrophages, and that this effect does not change after single-dose or fractionated radiotherapy.
The anti-tumor immune response that is induced by radiotherapy is the subject of the review by Boustani et al. [10] . Combining radiotherapy with immune therapy using immune checkpoint inhibitors and/or targeting the cGAS-STING pathway is likely to enhance the efficacy of radiotherapy, as well as the possibility of systemic (abscopal) effects.
Over 120 years after the first use of radiation in the treatment of cancer, radiotherapy continues to be an essential curative and palliative treatment option for the majority of cancer patients. This Special Issue describes several aspects of radioresistance, from hypoxia to the interaction with the immune system. It will be exciting to see how the research fields of radiobiology and tumor immunology might together contribute to the prevention of radioresistance and harness the anti-tumor immune response for future treatment options involving radiotherapy.
